Dysregulated NF-κB signaling is critical for lymphomagenesis, however, the expression and clinical relevance of NF-κB subunit p50 in diffuse large B-cell lymphoma have not been evaluated. In this study, we analyzed the prognostic significance and gene expression signatures of p50 nuclear expression as a surrogate for p50 activation in 465 patients with de novo diffuse large B-cell lymphoma. We found that p50 + nuclear expression, observed in 34.6% of diffuse large B-cell lymphoma, predominantly composed of activated B-cell-like subtype, was an independent adverse prognostic factor in patients with activated B-cell-like diffuse large B-cell lymphoma. It was also an adverse prognostic factor in patients with wild-type TP53 independent of the activated B-cell-like and germinal center B-cell-like subtypes, even though p50 activation correlated with significantly lower levels of Myc, PI3K, phospho-AKT, and CXCR4 expression and less frequent BCL2 translocations. In contrast, in germinal center B-cell-like diffuse large B-cell lymphoma patients with TP53 mutations, p50 + nuclear expression correlated with significantly better clinical outcomes, and decreased p53, Bcl-2, and Myc expression. Gene expression profiling revealed multiple signaling pathways potentially upstream the p50 activation through either canonical or noncanonical NF-κB pathways, and suggested that immune suppression, including that by the immune checkpoint TIM-3 and that through leukocyte immunoglobulin-like receptors, but not antiapoptosis and proliferation, may underlie the observed poorer survival rates associated with p50 + nuclear expression in diffuse large B-cell lymphoma. In conclusion, these data show that p50 is important as a unique mechanism of R-CHOP-resistance in activated B-cell-like diffuse large B-cell lymphoma and in patients without TP53 mutations. The results also provide insights into the regulation and function of p50 in diffuse large B-cell lymphoma and its cross talk with the p53 pathway with important therapeutic implications.
cytosol. 3 The IκB kinase (IKK) complex has a central role in NF-κB pathway activation by mediating the initial phosphorylation of IκB proteins. 4 Aberrant activation of NF-κB proteins through either the canonical pathway, which activates p50/p65 and p50/c-Rel dimers, or the noncanonical pathway, which activates p52/RelB dimers, has been associated with tumor cell survival and proliferation in diffuse large B-cell lymphoma. 5 Among the NF-κB family members, p50 is derived from a precursor molecule, p105, which can act as an IκB protein. p105 processing by proteasomes through phosphorylation and ubiqutination results in C-terminal degradation and a mature p50 transcription factor. Under NF-κB activating stimuli, p50 dimers translocate into the nucleus and execute transcriptional activities. 6, 7 p50 can function as a transcriptional activator only by forming a heterodimer with p65, RelB, or c-Rel; 8 p50 homodimers and p50/p52 heterodimers cannot act as transcription factors to activate downstream NF-κB gene expression, but they can do so after forming a complex with Bcl-3, a member of the IκB family. 7, 9 The complex biological functions of p50 in the regulation of protein expression is therefore much less well understood than that of the other subunits of the NF-κB family. Overexpressed p50 in malignant tumors likely contributes to pathogenesis. It has been reported that the NF-κB1 polymorphism rs4648068 is associated with cell proliferation and motility in gastric cancer. 10 Similarly, a study of patients with acute myeloid leukemia showed that the RelA/p50 and p50/p50 complexes of the canonical NF-κB pathway are constitutively active in leukemic cells. 11 However, NF-κB signaling in tumor development also depends on p53 status. 12 p53, encoded by the TP53 gene, is a tumor-suppressor protein that has an essential role in preventing the development of cancer. p53 acts as a transcription factor in the regulation of several important genes involved in cell cycle control, DNA repair, and apoptosis. 13 The cross talk between NF-κB proteins and p53 has been examined in several recent studies. Relative levels of p53 and NF-κB affect the capability of each protein to regulate gene expression. 14 Also, p53 can directly and negatively regulate NF-κB activation, 15, 16 whereas p53 mutants can cooperate with NF-κB to promote tumor invasion and metastasis. 17 Conversely, NF-κB antagonizes p53 activation and apoptosis, but can enhance p53 stability and activities in some circumstances. 18 One group reported that p50 upregulates PHLPP1 (a AKT phosphatase)-targeting miR-190, thereby promoting p53 expression and apoptosis as a result of AKT/S6 ribosomal protein activation and enhanced protein translation. 19 Diffuse large B-cell lymphoma is an aggressive type of non-Hodgkin lymphoma that can be classified by gene expression profiling into germinal center B-cell-like and activated B-cell-like types. Activated B-cell-like diffuse large B-cell lymphoma is distinguished from germinal center B-cell-like diffuse large B-cell lymphoma by preferential activation of the canonical NF-κB pathway, in particular the p50/p65 and p50/c-Rel dimers. 20, 21 Therapeutic agents targeting the NF-κB pathway are currently in clinical trials. Research regarding the role of specific NF-κB subunits in diffuse large B-cell lymphoma is urgently needed. 21 However, the regulation, function, and clinical relevance of p50/NF-κB activation in diffuse large B-cell lymphoma are not well understood. The relationship between p50 and p53 is also a topic of heated discussion with potential therapeutic implications.
In this study, we assessed p50 nuclear expression in diffuse large B-cell lymphoma (n = 465) and evaluated the impact of p50 expression on patient survival in the absence and presence of TP53 mutations. We also examined for the relationships and cross talk between p50 and p53 and other oncogenic pathways, as well as p50 + gene expression signatures to understand the potential underlying mechanisms.
Materials and methods

Patients
This study included 465 patients with de novo diffuse large B-cell lymphoma treated with standard immunochemotherapy consisting of rituximab plus cyclophosphamide, hydroxydaunomycin (doxorubicin), Oncovin (vincristine), and prednisone (R-CHOP) as part of the International diffuse large B-cell lymphoma R-CHOP Consortium Program Study. The diagnosis, review process, and cell-oforigin classification according to gene expression profiling or immunohistochemical algorithms of Visco-Young and/or Choi, have been described previously. 22, 23 This study was conducted according to the Declaration of Helsinki. All patients whose tumor samples were taken at diagnosis have provided informed consent. The study protocol and material transfer agreement were approved by the institutional review boards of all participating centers.
Tissue Microarray and Immunohistochemical Assays
Immunohistochemical analysis for p50 was performed on tissue microarrays prepared from formalin-fixed, paraffin-embedded tissue blocks from all 465 diffuse large B-cell lymphoma tumor samples using an anti-p50 antibody (Abcam, Cambridge, MA, USA) with methods previously described. 22, 23 The p50 nuclear expression results were estimated in increments of 10% independently by a group of hematopathologists (CYO and KHY), and any disagreements were resolved by simultaneous review using a multi-headed microscope. The cutoff of p50 + nuclear expression (p50 activation) was set at ≥ 20% Clinical significance of p50 activation in DLBCL Q Cai et al based on the prognostic analyses by X-tile software (Yale University, New Haven, CT, USA). 20, 21 
TP53 Mutation and Fluorescence In Situ Hybridization Analysis
Genomic DNA extracted from formalin-fixed, paraffin-embedded tissues was used for TP53 exon sequencing analysis using the AmpliChip system (Roche Molecular Systems, Pleasanton, CA, USA). 23 Probes and methods of fluorescence in situ hybridization analysis for MYC, BCL2, and BCL6 translocation were described previously. 24 
Gene Expression Profiling
Total RNAs were extracted from formalin-fixed, paraffin-embedded tissues. Affymetrix GeneChip Human Genome U133 Plus 2.0 array (Santa Clara, CA, USA) were used for gene expression profiling as described previously (GSE #31312). 22, 23 The gene expression profiles were available for 453 patients of the study cohort. The microarray data were quantified and normalized by the frozen robust multiarray analysis algorithm. The differentially expressed genes were identified by using multiple t-tests. The P-values obtained via multiple t-tests were corrected for false discovery rates using the beta-uniform mixture method.
Statistical Analysis
The clinical and pathologic features at diagnosis were compared between the subgroups using the chisquare test. Associations between p50 and expression of other proteins were evaluated with unpaired t-tests. Overall survival was calculated from the date of diagnosis to the date of last follow-up or death. Progression-free survival was defined from the date of diagnosis to the date of disease progression or death. Kaplan-Meier curves for overall survival and progression-free survival were created using GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA), and differences were compared using the logrank (Cox-Mantel) test. Multivariate Cox proportional hazard regression analyses were conducted with SPSS software (version 19.0; IBM Corporation, Armonk, NY, USA). P-values of ≤ 0.05 were considered statistically significant. We used immunohistochemistry (Figure 1a ) to analyze for nuclear expression of p50, which we used as a surrogate for p50 activation. 25 A total of 465 diffuse large B-cell lymphoma samples were Table 1 Clinical and molecular characteristics of studied p50 + and p50 -patients with de novo diffuse large B-cell lymphoma (DLBCL; N = 465) (9) 28 (14) 6 (14) 19 (18) 4 (6) 9 (10) 8 (9) 17 (12) 2 (10) 61 (40) 67 (24) 26 (43) 38 (24) 34 (37) 29 (23) 45 (41) 44 (23) 11 (38) 15 (25 Table 1 . We considered a sample in which ≥ 20% of tumor cells had positive nuclear staining for p50 to have high p50 nuclear expression and p50 activation (p50 + ). Using this cutoff, 161 (34.6%) samples were p50 + ; the rest of the cases (65.4%) having no or low p50 nuclear expression with or without cytoplasmic staining were p50 − (Figure 1b) . The p50 + tumors were more often of activated B-cell-like than germinal center B-cell-like subtype (58% vs 42%, Table 1 ), which accounted for 41% of the activated B-cell-like diffuse large B-cell lymphoma cases and 28% of the germinal center B-cell-like diffuse large B-cell lymphoma cases. At the transcriptional level, NFKB1 mRNA expression was significantly higher in the activated B-cell-like diffuse large B-cell lymphoma subtype than in the germinal center B-cell-like subtype (P = 0.0083; Figure 1c ). Correspondingly, the activated B-cell-like diffuse large B-cell lymphoma group had a higher mean level of p50 nuclear expression (15%) than the germinal center B-cell-like diffuse large B-cell lymphoma group (12%; P = 0.088; Figure 1d ).
Nuclear p50 Expression Correlates with Shorter Survival Durations in Patients with Wild-Type TP53 but Longer Survival Durations and Decreased p53, Myc, and Bcl-2 Expression in Patients with Mutated TP53
Nuclear expression of p50 did not correlate with overall survival or progression-free survival rates in the overall study cohort (overall survival, P = 0.54; progression-free survival, P = 0.74), nor in the germinal center B-cell-like diffuse large B-cell lymphoma (overall survival, P = 0.48; progression-free survival, P = 0.32) and activated B-cell-like diffuse large B-cell lymphoma subsets (overall survival, P = 0.25; progression-free survival, P = 0.29) as previously described. 21 However, controlling the prognostic factor of TP53 mutation, we found in the subset with wild-type TP53 (WT-TP53), p50 + status conferred significantly lower overall survival and progression-free survival rates of diffuse large B-cell lymphoma patients (overall survival, P = 0.0024, Figure 2a ; progression-free survival, P = 0.018), independent of cell of origin (figures not shown). In contrast, in patients with mutated TP53 (MUT-TP53), p50 + status correlated with significantly higher survival rates (overall survival, P = 0.0089, Figure 2b ; progression-free survival, P = 0.05), which was restricted to the germinal center B-cell-like subtype. The p50 + patients with MUT-TP53 germinal center B-cell-like diffuse large B-cell lymphoma had significantly better survival than p50 − patients with MUT-TP53 germinal center B-cell-like diffuse large B-cell lymphoma (overall survival, P = 0.001, Figure 2c ; progression-free survival, P = 0.014), and better overall survival (but not progression-free survival) than p50 + patients with WT-TP53 germinal center B-cell-like diffuse large B-cell lymphoma (P = 0.05, Figure 2d ). The favorable prognosis associated with p50 + status remained significant in patients with high levels (≥20%) of MUT-p53 expression (overall survival, P = 0.0074, Figure 2e ; progression-free survival, P = 0.019). TP53 mutation status was a significant adverse prognostic factor in p50 − patients (overall survival, P o 0.0001, Figure 2b ; progression-free survival, P o 0.0001, Figure 2f ) but not in p50 + patients (P = 0.14 for a trend of better overall survival, Figure 2b ; P = 0.53 for progression-free survival, figures not shown).
The clinicopathologic features of p50 + and p50 − patients with WT-TP53 or MUT-TP53 were shown in Table 1 . Among diffuse large B-cell lymphoma patients with MUT-TP53, p50 + status was associated with younger age (o 60 years, P = 0.042) and lower frequency of Myc (P = 0.0023) and Bcl-2 (P = 0.047) overexpression (Table 1) , which may contribute to the favorable prognostic effects. However, the difference in proportion of young patients between the p50 + and p50 − groups was not significant in MUT-TP53 germinal center B-cell-like diffuse large B-cell lymphoma (61% vs 43%, P = 0.26); and after excluding patients with low Myc or Bcl-2 expression, p50 + status still correlated with significantly better survival rates in patients with MUT-TP53 germinal center B-cell-like diffuse large B-cell lymphoma (Figure 2g and h).
Notably, in the overall diffuse large B-cell lymphoma cohort, p50 + patients had significantly lower levels of p53 protein expression than did p50 − patients (Figure 3a) . This difference was more pronounced in the subset of patients with MUT-TP53 (P = 0.045, Figure 3b ) especially those with overexpressed MUT-p53 (P = 0.021, Figure 3c ), and also was more apparent in the germinal center We examined whether p50 nuclear expression was associated with any potentially confounding prognostic factors that have been described. The molecular characteristics of the studied patients are shown in Table 1 . We found p50 + status was only associated with expression of the NF-κB subunits p65, p52, and c-Rel and tumor-suppressor BLIMP-1, but not associated with the presence of other adverse biomarkers. Instead, the p50 + diffuse large B-cell lymphoma group less frequently had BCL2 translocations and Ki-67 (an indicator of cell proliferation), p53, Myc, PI3K, phospho-AKT (p-AKT), and CXCR4 (ref. 26 ) overexpression (Table 1) . Comparisons between p50 + and p50 − patients in the germinal center B-cell-like and activated B-cell-like subtypes individually showed that in germinal center B-celllike diffuse large B-cell lymphoma, p50 + patients less Clinical significance of p50 activation in DLBCL frequently overexpressed Bcl-2, p-AKT, Bcl-6, GCET1, and CD10, but more frequently overexpressed nuclear p52 (43% vs 24%) and p65 (80% vs 54%) than did the p50 − germinal center B-cell-like diffuse large B-cell lymphoma patients. In activated B-cell-like diffuse large B-cell lymphoma, Figure 4 Negative correlations between p50 nuclear expression and expression of CXCR4, phospho-AKT (p-AKT), PI3K, Bcl-6, Myc, and Bcl-2 in diffuse large B-cell lymphoma (DLBCL) with wild-type TP53 (WT-TP53) or mutated TP53 (MUT-TP53). (a-d) In the WT-TP53 subgroup, p50 + status was associated with significantly lower levels of CXCR4, p-AKT, PI3K, and Bcl-6. (e and f) In the overall and the activated B-cell-like (ABC) subtype of diffuse large B-cell lymphoma, p50 + status was associated with significantly lower Myc levels in both the WT-TP53 and MUT-TP53 subgroups. (g) p50 + status was associated with significantly lower Bcl-2 levels in the MUT-TP53 (but not in the WT-TP53) subgroup. (h) In germinal center B-cell-like (GCB) diffuse large B-cell lymphoma, p50 + status was associated with significantly lower Bcl-2 levels in the MUT-TP53 subgroup, and a trend of decrease in the WT-TP53 subgroup.
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Clinical significance of p50 activation in DLBCL Q Cai et al p50 + patients less frequently overexpressed Myc, PIK3, CXCR4, FOXP1, and MUM1, but had more frequent p65 (69% vs 47%), p52 (37% vs 23%), and c-Rel (44%vs 22%) nuclear expression than observed in p50 − activated B-cell-like diffuse large B-cell lymphoma (Table 1) .
Months
Months Months To understand the unfavorable prognostic effects associated with p50 activation in patients with WT-TP53 diffuse large B-cell lymphoma, we restricted the molecular association analysis within the WT-TP53 subset. The p50 + WT-TP53 group had a higher proportion (63%) of patients with the activated B-cell-like diffuse large B-cell lymphoma subtype in comparison with the p50 − WT-TP53 group (46%). The p50 + group less frequently overexpressed PI3K, p-AKT, CXCR4, GCET1, CD10, and Bcl-6 and less frequently had BCL2 translocations, whereas more frequently expressed nuclear BLIMP-1, p65 (72% vs 45%), p52 (41% vs 23%), and c-Rel (40% vs 23%) than did the p50 − WT-TP53 group (Table 1, Figure  4a-d) . In addition, the mean level of Myc expression was significantly lower in p50 + than in p50 − diffuse large B-cell lymphoma with WT-TP53 (P = 0.039, Figure 4e ), which was significant only in the activated B-cell-like subtype (P = 0.0065, Figure 4f ). The mean level of Bcl-2 expression in the p50 + WT-TP53 group also showed a trend for being lower in the germinal center B-cell-like diffuse large B-cell lymphoma subgroup (P = 0.092, Figure 4g and h).
Months Months Months
As Myc and Bcl-2 expression has significant impact on survival, 27, 28 we further analyzed the prognostic significance of p50 nuclear expression in Bcl-2 low , Bcl-2 high , Myc low , and Myc high patients separately. We found that in WT-TP53 germinal center B-cell-like diffuse large B-cell lymphoma in which subset p50 + status was associated with a nonsignificant trend of lower Bcl-2 levels (Figure 4h ), p50 + correlated with significant poorer survival only in patients with Bcl-2 low diffuse large B-cell lymphoma, whereas the prognostic effects were mitigated when the factor of Bcl-2 high status was not controlled in the Myc high and Myc low subsets (Figure 5a ). In WT-TP53 activated B-cell-like diffuse large B-cell lymphoma in which subset p50 + correlated with decreased Myc levels (Figure 4f) , the prognostic significance of p50 + was less confounded when the Myc high or concurrent Myc high /Bcl-2 high (ie, double-positive (DP)) status was considered (Figure 5b ). Similar effects were also observed in MUT-TP53 activated B-cell-like diffuse large B-cell lymphoma (Figure 5c ). In contrast, in MUT-TP53 germinal center B-cell-like diffuse large B-cell lymphoma, the favorable prognostic effects associated with p50 + were independent of both Myc and Bcl-2 levels (Figure 5d) . Notably, neither of the p50 + MUT-TP53 germinal center B-cell-like diffuse large B-cell lymphoma patients had double-positive lymphoma, and among Myc high (or Bcl-2 high ) MUT-TP53 germinal center B-cell-like diffuse large B-cell lymphoma, p50 + status was still associated with significant lower Bcl-2 (or a trend of lower Myc) levels (Figure 5e ).
Multivariate survival analyses for p50 + nuclear expression were performed with adjustment of clinical and molecular factors (Myc, Bcl-2, and TP53 mutation status) as shown in Table 2 . p50 + was an independent prognostic factor for poorer overall survival only with a borderline P-value in the overall diffuse large B-cell lymphoma cohort (hazard ratio, 1.45; 95% confidence interval, 1.00-2.09; P = 0.051). Excluding patients with MUT-TP53, the independent prognostic impact of p50 + status becomes significant for both poorer overall survival and progression-free survival in patients with WT-TP53 (P = 0.003 for overall survival, P = 0.012 for progression-free survival).
When analyzed in germinal center B-cell-like and activated B-cell-like subtypes of diffuse large B-cell lymphoma individually, p50 + status was a significant independent adverse prognostic factor in activated B-cell-like diffuse large B-cell lymphoma overall (P = 0.016 for overall survival, P = 0.042 for progression-free survival), the WT-TP53 activated B-cell-like subset (P = 0.012 for overall survival, P = 0.03 for progression-free survival), and WT-TP53 germinal center B-cell-like diffuse large B-cell lymphoma (overall survival only, P = 0.044; P = 0.21 for progression-free survival; Table 2 ).
In contrast, p50 + nuclear expression showed a trend of favorable prognostic impact in patients with MUT-TP53 diffuse large B-cell lymphoma, but it was not significant (P = 0.17 for overall survival, P = 0.18 for progression-free survival); however, p50 + status was an independent factor for significantly better overall survival in patients with MUT-TP53 germinal center B-cell-like diffuse large B-cell lymphoma (P = 0.019 for overall survival, P = 0.20 for progression-free survival). In contrast, 50 + nuclear expression had a trend of adverse prognostic impact in patients with MUT-TP53 activated B-cell-like diffuse large B-cell lymphoma (P = 0.11 for overall survival, P = 0.26 for progression-free survival; Table 2 ).
Gene Expression Profiling Analysis Suggests Immune Regulation but not Antiapoptotic Mechanisms may Explain the Poorer Prognosis Associated with p50 Nuclear Expression
To better understand the molecular mechanisms that underlie the prognostic significance of p50 + nuclear expression in diffuse large B-cell lymphoma patients, we compared the gene expression profiles associated with p50 + and p50 − tumors. With a false discovery rate cutoff of 0.01, we found 1374, 55, and 419 transcripts were differentially expressed significantly between the p50 + and p50 − groups in the overall cohort, germinal center B-cell-like diffuse large B-cell lymphoma, and activated B-cell-like diffuse large B-cell lymphoma, respectively. Genes with high fold of differences are shown in Table 3 and Figure 6a and b. These signatures were characterized by a large number of genes involved in signaling pathways and immune and inflammatory responses. Although many genes indicated immune activation, several genes associated with immunosuppressive functions were also upregulated, A few apoptosis genes showed significant differential expression between p50 + and p50 − diffuse large B-cell lymphoma. PHLDA1, an apoptosis suppressor, was significantly upregulated in p50 + germinal center B-cell-like diffuse large B-cell lymphoma. 35 However, DAPK1, a tumor-suppressor candidate gene, and XAF1, a p53 target gene that enhances p53-mediated apoptosis via posttranslational modification, 36 were also significantly upregulated in p50 + germinal center B-cell-like diffuse large B-cell lymphoma and p50 + activated B-cell-like diffuse large B-cell lymphoma. In activated B-cell-like diffuse large B-cell lymphoma, EPB41L3, encoding the tumor-suppressor DAL-1-/4.1B, which inhibits proliferation and promotes apoptosis, was upregulated, 37 whereas FOXP1 that cooperates with NF-κB signaling to promote B-cell growth and survival 38 was significantly downregulated (consistent with the negative correlation at the protein level, Table 1 ) in the p50 + group.
As p50 + status correlated with opposite prognostic effects in patients with WT-TP53 and in those with MUT-TP53, we compared gene expression profiling between p50 + and p50 − diffuse large B-cell lymphoma in the WT-TP53 and MUT-TP53 subcohorts individually. With a false discovery rate cutoff of 0.01, 399 and 54 significant transcripts were identified between p50 + and p50 − patients in the WT-TP53 and MUT-TP53 subcohorts, respectively (Table 3) . These two sets of p50 + gene signatures resembled each other including upregulation of immune and proapoptotic genes. Common genes shared by the p50 + WT-TP53 and p50 + MUT-TP53 gene signatures are shown in Table 3 . When analyzed in the germinal center B-cell-like and activated B-cell-like subcohorts of WT-TP53/MUT-TP53 diffuse large B-cell lymphoma, distinct p50 gene expression signatures were identified only in the MUT-TP53 germinal center B-cell-like and WT-TP53 activated B-cell-like diffuse large B-cell lymphoma subsets (Figure 6c-f) but not in the WT-TP53 germinal center B-cell-like and MUT-TP53 activated B-cell-like subsets (although with a high false discovery rate threshold of 0.30, there were 15 genes differentially expressed between p50 + and p50 − patients in the WT-TP53 germinal center B-cell-like subset). Notably, upregulation of immunosuppressive LILRA2 in p50 + patients was significant in the WT-TP53 diffuse In GCB-DLBCL FDR o0.01
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Abbreviations: ABC, activated B-cell-like; FDR, false discovery rate; GCB, germinal center B-cell-like; MUT-TP53, mutated TP53; WT-TP53, wild-type TP53. Table 3 ). Expression of APLP2 (which encodes amyloid precursor-like protein 2 associated with MHC class 1 molecules), PTK2 (which encodes protein tyrosine kinase 2), and LTBP1 (latent TGF-beta binding protein 1, which regulates the secretion and activation of TGF-beta) was significantly higher in the p50 + MUT-TP53 germinal center B-cell-like diffuse large B-cell lymphoma group, whereas expression of TNFRSF13B (TACI), PARP15 (encoding a transcriptional repressor), and ULK3 (involved in autophagy) was significantly higher in the p50 + WT-TP53 activated B-cell-like diffuse large B-cell lymphoma group.
Tumor Necrosis Factor-and Toll-Like ReceptorInvolved Signaling Pathways may Have Important Roles in the p50 Activation
We further examined the upstream signaling that potentially activated p50 via either the canonical or noncanonical NF-κB pathways. A brief schematic summary of these potential signaling cascades and their prognostic impact for patients with WT-TP53 is shown in Figure 7b . TNFSF13B, which encodes the B-cell-activating factor BAFF involved in noncanonical activation of NF-κB, 39 was upregulated in p50 + patients in the overall diffuse large B-cell lymphoma, germinal center B-cell-like diffuse large B-cell lymphoma, and activated B-cell-like diffuse large B-cell lymphoma cohorts (Table 3) . TNFRSF13C, encoding the BAFF receptor BAFFR, which preferably activates the noncanonical NF-κB pathway, 40 was upregulated only in p50 + activated B-cell-like diffuse large B-cell lymphoma with a borderline P-value (Figure 7c ). Canonical pathway activation was suggested by upregulation of the Toll-like receptors TLR2/8 in germinal center B-cell-like diffuse large B-cell lymphoma and TLR1/2/4/8 in activated B-cell-like diffuse large B-cell lymphoma ( Figure 7d) ; 41 upregulation of IKBKB/IKK2 (encoding IκB kinase β) in activated B-cell-like diffuse large B-cell lymphoma (P = 0.0008, Figure 7e) ; upregulation of TNFRSF25 in germinal center B-cell-like diffuse large B-cell lymphoma; and upregulation of TNFSF10 in both germinal center B-cell-like and activated B-cell-like diffuse large B-cell lymphoma (Figure 7c ). 9 LCP2 and FYB involved in T-cell antigen receptor signaling, and SLAMF8 involved in lymphocyte activation through the B-cell receptor (BCR) signaling, were also upregulated in p50 + activated B-cell-like diffuse large B-cell lymphoma patients (Table 3 ). In contrast, several BCR signaling-related genes were downregulated in p50 + patients, including CD79A, STAP1 (Figure 7e) , CD20, CD22, BLNK, and BCL10, which were downregulated in p50 + germinal center B-celllike diffuse large B-cell lymphoma (P = 0.0008, P = 0.0003, P = 0.0023, P = 0.0036, P = 0.0086, and P = 0.023, respectively), and CD79A, CARD11, TNFRSF13B (TACI), and MYC (consistent with the negative correlation at the protein level, Figure 4f ), which were downregulated in p50 + activated B-celllike diffuse large B-cell lymphoma (P = 0.017, P = 0.0033, P = 0.0012, and P = 0.0002, respectively).
Further analysis in the WT-TP53 and MUT-TP53 subcohorts showed that downregulation of CD79A, STAP1, BLNK, CD20, and CD22 in p50 + germinal center B-cell-like diffuse large B-cell lymphoma and downregulation of TNFRSF13B (TACI) in p50 + activated B-cell-like diffuse large B-cell lymphoma were restricted to the WT-TP53 patients (Figure 8a ), whereas upregulation of TNFSF13B (BAFF), TLRs, TNFRSF25, TNFSF10, LCP2, FYB, and SLAMF8 were independent of WT-TP53 or MUT-TP53 status. Downregulation of MYC in p50 + activated B-celllike diffuse large B-cell lymphoma was also significant in both WT-TP53 (P = 0.0055, Figure 8b ) and MUT-TP53 (P = 0.0037) patients.
In addition, IL6ST involved in the IL6 signal pathway and IL32 encoding a cytokine that induces TNF-alpha and IL8, 42 were upregulated in p50 + MUT-TP53 patients (Table 3) . IL18BP, which encodes an IL18 inhibitor that inhibits Th1 cytokine response 43 was upregulated in p50 + WT-TP53 diffuse large B-cell lymphoma, and IL18 was upregulated in p50 + WT-TP53 activated B-cell-like diffuse large B-cell lymphoma, which together might suggest the involvement of cytokine signaling pathways in NF-κB activation.
Discussion
Constitutive NF-κB activation is a pathogenetic hallmark of activated B-cell-like diffuse large B-cell lymphoma. 21 In the large cohort of diffuse large B-cell lymphoma presented here, p50 is the only NF-κB subunit (out of 5 NF-κB subunits) that showed significantly higher mRNA (NFKB1) expression in activated B-cell-like diffuse large B-cell lymphoma than in germinal center B-cell-like diffuse large B-cell lymphoma, as well as a strong trend of increased nuclear protein (p50) expression ( Figure  1c and d) and a significantly higher p50 + frequency (Table 1) , 21, 44 suggesting its important role in mediating the oncogenic function of NF-κB in activated B-cell-like diffuse large B-cell lymphoma. Indeed, we showed that approximately one-third of the 465 studied diffuse large B-cell lymphoma patients had p50 activation as indicated by ≥ 20% positive nuclear expression. In addition, p50 + nuclear expression was an independent adverse prognostic factor for patients with WT-TP53, and for patients with activated B-cell-like diffuse large B-cell lymphoma. These results, together with those from our earlier studies, 21, 44 show that both p50 and c-Rel are important for the poor prognosis of activated B-cell-like diffuse large B-cell lymphoma. However, in contrast to the poorer survival associated with elevated c-Rel levels in patients with MUT-TP53 activated B-cell-like diffuse large B-cell lymphoma, 44 p50 + nuclear expression correlated with significantly better survival in patients with MUT-TP53 germinal center B-cell-like diffuse large B-cell lymphoma and p50 levels were similar in WT-TP53 germinal center B-cell-like diffuse large B-cell lymphoma and MUT-TP53 germinal center B-cell-like diffuse large B-cell lymphoma (P = 0.87). p50 + nuclear expression was found to be associated with p65, p52, and c-Rel nuclear expression in both the activated B-cell-like diffuse large B-cell lymphoma and WT-TP53 diffuse large B-cell lymphoma subgroups suggesting the potential NF-κB heterodimers. In comparison, p50 + nuclear expression was associated with p65 and p52 nuclear expression in germinal center B-cell-like diffuse large B-cell lymphoma, and none of the other NF-κB subunits in MUT-TP53 diffuse large B-cell lymphoma. Differential activities and function of different NF-κB dimers formed in germinal center B-cell-like diffuse large B-cell lymphoma and activated B-cell-like diffuse large B-cell lymphoma and in WT-TP53 and MUT-TP53 diffuse large B-cell lymphoma may contribute to the different prognostic impact observed in these diffuse large B-cell lymphoma subsets. No other known unfavorable biomarkers were found associated with p50 + nuclear expression. In contrast, the p50 + patient group had lower Ki-67 scores and a lower frequency of BCL2 translocations, and less often had Myc, PI3K, p-AKT, CXCR4, and FOXP1 overexpression (which were all oncogenic mechanisms in diffuse large B-cell lymphoma by previous studies) in the WT-TP53 diffuse large B-cell lymphoma and/or activated B-cell-like diffuse large B-cell lymphoma subcohorts. These 'mutual exclusive'-like negative correlations and the worse survival rates associated with p50 + nuclear expression in WT-TP53 diffuse large B-cell lymphoma may suggest that p50 activation is an important and unique mechanism for R-CHOP resistance in diffuse large B-cell lymphoma.
In addition to the negative correlations with proliferative/antiapoptotic biomarkers such as Myc/ Bcl-2, PI3K/AKT, and CXCR4, the p50 + gene expression signatures showed that several proapoptotic genes were upregulated in p50 + patients, such as CASP4, XAF1, DAPK1, and EPB41L3, suggesting that the adverse prognostic impact of p50 activation in WT-TP53 diffuse large B-cell lymphoma is not the result of promoting tumor growth and survival, the common functions of NF-κB. Remarkably, a large numbers of immune-related genes were upregulated in p50 + patients, including a few having inhibitory function. Previous studies have reported that p50 has both negative and positive roles in regulating inflammatory responses, with a possible explanation being that p50 NF-κB dimers can function as both transcriptional activators and repressors. 6, 7 The 'anti-inflammatory brake'-like function of p50 (ref. 6) may be relevant to the worse prognosis associated with p50 activation in diffuse large B-cell lymphoma. Most notably, HAVCR2, which encodes the inhibitory immune checkpoint TIM-3, was upregulated in both germinal center B-cell-like and activated B-cell-like subtypes of p50 + diffuse large B-cell lymphoma. TIM-3 is a receptor expressed on activated Th1 cells; binding of TIM-3 by its ligand galectin-9 leads to Th1 cell death and immune tolerance. TIM-3 has gained attention as a new immune checkpoint target. It has been reported that TIM-3 confers resistance to anti-PD-1 therapy. 29, 45, 46 In addition, upregulation of CD163, SERPING1, IL18BP, LILRA2, LILRA6, and LILRB2/4/3 might suggest suppression of adaptive and innate immune responses conferring poorer outcome in p50 + diffuse large B-cell lymphoma patients. Targeting these immunosuppressive mechanisms may restore the antitumor effects of immune responses that have been activated in p50 + diffuse large B-cell lymphoma patients.
Oppositely, p50 + status in the MUT-TP53 germinal center B-cell-like diffuse large B-cell lymphoma subgroup correlated with significantly better survival rates. This favorable effect could be contributed by the decreased MUT-p53 (which often had oncogenic gain of function 23 ), Bcl-2, and Myc expression in p50 + patients, activated immune responses as suggested by the gene expression signatures, and other unknown factors not identified in this study. The correlation of decreased MUT-p53 expression in p50 + patients was not due to regulation at the transcriptional level. The causative link for this negative correlation in diffuse large B-cell lymphoma patients with MUT-TP53, whether it determines the favorable prognosis associated with p50 activation, and whether p50 had opposite transcriptional functions in the presence of WT-p53 and MUT-p53 towards immune and inflammatory genes, needs be validated by further studies.
The p50 + gene expression signatures obtained in this study also revealed several upstream signaling pathways that may lead to the activation of p50 and its associated NF-κB subunits in diffuse large B-cell lymphoma. Canonical activation was suggested by upregulation of IKBKB/IKK2 (in activated B-cell-like diffuse large B-cell lymphoma), TLRs, and tumor necrosis factor (TNF) ligands/receptors in p50 + patients. Comparably, BCR signaling seemed not significant for p50 activation in diffuse large B-cell lymphoma especially in germinal center B-cell-like diffuse large B-cell lymphoma, suggesting that BCR inhibitors may not be effective for p50 + germinal center B-cell-like diffuse large B-cell lymphoma. Activation of noncanonical NF-κB pathway was also suggested by significantly upregulated BAFF in all p50 + patients and BAFFR in the p50 + activated B-celllike diffuse large B-cell lymphoma subgroup. 47 In summary, in a large number of patients with diffuse large B-cell lymphoma, p50 + nuclear expression is an independent prognostic factor for significantly poorer survival in patients with WT-TP53 diffuse large B-cell lymphoma, although it correlates with decreased Myc/Bcl-2/AKT expression. p50 represents an essential NF-κB subunit activated in activated B-cell-like diffuse large B-cell lymphoma that correlates with R-CHOP resistance in the absence of TP53 mutations and Myc/Bcl-2/AKT hyperactivation. Gene expression profiling analysis suggests that immunosuppressive mechanisms, but not antiapoptosis and proliferation, underscore the worse prognosis associated with p50 activation, and provides important information for further functional and therapeutic studies.
